The treatment of metastatic colorectal cancer has undergone major advances yielding significant improvements in survival over the past decade. These advances have evolved due to the benefits of combination chemotherapy and the incorporation of biologic therapy. However, as we struggle to provide optimum care while sparing patients ineffective therapy and undue cost, the importance of tailored therapy to maximize benefit will become increasingly important. This article reviews the major advances in the treatment of patients with metastatic colorectal cancer and the burgeoning developments in individualized therapy.
INTRODUCTION
Despite improvements in screening programs for colorectal cancer, approximately 20% of patients continue to present with metastatic disease. 1 Furthermore, in a pooled analysis of the results from 7 randomized trials in patients with stage II or III colorectal cancer who underwent either surgery alone or surgery followed by adjuvant 5-fluorouracil (FU) with either levamisole or leucovorin, the disease-free survival at 5 years was 67% in the patients who received chemotherapy and 55% in those who only underwent surgery, highlighting the fact that a proportion of patients suffer recurrence despite adjuvant treatment. 2 Although the addition of oxaliplatin to adjuvant 5-FU regimens has resulted in 3-year disease-free survival rates of 76%-78%, recurrent disease is still encountered in many patients such that a review of novel approaches in the treatment of metastatic disease is pertinent. 3, 4 The treatment of carcinoma of the colon and rectum has seen great strides with a doubling of median overall survival in the last decade. [5] [6] [7] [8] [9] This has been most evident with the widespread incorporation of biologic agents into modern therapeutic approaches. The struggle to improve therapies in metastatic disease has provided the landscape for the adoption of novel biologic agents into treatment regimens in the recent past and will continue to serve in this capacity as we move into the next era of individualized therapeutic approaches.
EVOLUTION OF CHEMOTHERAPEUTIC REGIMENS IN METASTATIC DISEASE

5-Fluorouracil
Much has changed since the initial Food and Drug Administration (FDA) approval of 5-FU in 1962 (http://www.accessdata.fda.gov). FU, an analogue of uracil, has activity in cancer cells through its conversion to several active metabolites, which result in the disruption of RNA synthesis as well as the inhibition of the rate-limiting enzyme in nucleotide synthesis, thymidylate synthase. 10 Because the activity of singleagent 5-FU as first-line therapy was in the range of 10%-20%, 11 novel ways to increase its efficacy were actively sought. The addition of leucovorin improved FU activity by increasing the availability of 5,10-methylenetetrahydrofolate, which then enhanced the inhibition of thymidylate synthase by the FU metabolite, fluorodeoxyuridine monophosphate. 10 Levamisole, an antihelminthic drug with in vitro anticancer activity, was also combined with FU in the treatment of patients with advanced colorectal cancer; however, efficacy with the addition of levamisole was less than that with the addition of leucovorin. 12, 13 Further modulation of FU therapy came with investigations into the efficacy and toxicity of bolus regimens compared with infusional administration. More definitive results in the comparison of the 2 modes of administration came with a meta-analysis of more than 1200 patients from 6 randomized trials demonstrating that continuous infusion 5-FU was associated with a significantly higher response rate (22% vs. 14%, overall response odds ratio of 0.55; 95% confidence interval (CI) = 0.41-0.75, P = 0.0002) as well as increased overall survival. 14 Toxicities differed between the 2 regimens, with the bolus regimen resulting in more hematologic toxicity and the infusional schedule causing more cases of hand-foot syndrome. Thus was established the infusional 5-FU backbone that would become an integral part of the chemotherapeutic regimens in use today.
Capecitabine
Due to its rapid degradation and inconsistent gastrointestinal absorption, FU can only be administered intravenously. These inadequacies led to the search for FU prodrugs, which could be taken orally. Capecitabine, a third-generation oral fluoropyrimidine, was approved by the FDA in 2001 for the treatment of advanced colorectal cancer. Three enzymatic steps result in the intratumoral formation of FU from capecitabine, the last step catalyzed by thymidine phosphorylase, which is preferentially found within tumor tissue. 15 In an analysis of the 2 randomized phase 3 trials comparing the administration of capecitabine with a 4-weekly bolus FU/leucovorin regimen in more than 1200 patients with advanced disease, the response rate in the oral therapy group was higher than that in the bolus regimen group (26% vs. 17%, P , 0.0002). 16 Overall survival rates were similar between the 2 groups. Although the overall toxicity profile favored the capecitabine-treated groups, the incidences of hand-foot syndrome and hyperbilirubinemia were greater in the patients treated with the oral agent.
COMBINATION CHEMOTHERAPY
Irinotecan
To further the gains made by optimal modulation of FU therapy, additional chemotherapeutic agents were investigated in combination with an FU backbone leading to the regimens widely used today. Based on the activity of single-agent irinotecan, an inhibitor of topoisomerase I activity, after FU failure in randomized controlled trials comparing the agent with supportive care 17 and with infusional FU therapy, 18 respectively, the combination of irinotecan and FU/leucovorin therapy was tested. In a randomized trial of nearly 700 patients with advanced colorectal cancer, irinotecan in combination with bolus FU/leucovorin was compared with irinotecan alone and FU/leucovorin alone. 19 The overall survival for the patients who received all 3 agents was significantly longer than for those who received only FU/leucovorin (14.8 vs. 12.6 months, P = 0.04). For the patients who were treated with irinotecan alone, the survival was not significantly different from that in those who were treated with FU/leucovorin. Although the incidence of grade 3 diarrhea was significantly higher in the irinotecantreated groups, the incidence of grade 4 diarrhea was the same among all patients groups. Irinotecan was also investigated in combination with infusional FU, 20 and the overall survival was 17.4 months in the combination therapy group compared with 14.1 months in the group receiving infusional FU/leucovorin alone (P = 0.031). Although grade 3 and 4 toxicities were greater in the combination therapy group, these were reversible and easily managed.
Oxaliplatin
Phase 2 trials of oxaliplatin alone demonstrated response rates of approximately 10% in patients with advanced colorectal cancer whose disease had progressed on FU therapy. 21, 22 However, its additive effects in vitro and in vivo when used in combination with FU prompted clinical trials of the combination and demonstrated response rates of 20%-50%. [23] [24] [25] In a pivotal phase 3 trial, FU given as a bolus and then continuous infusion was administered with or without oxaliplatin every 2 weeks. 26 Determination of median progressionfree survival (PFS) in months was the primary objective, and the addition of oxaliplatin imparted a significant increase in the duration of this end point (9.0 vs. 6.2 months, P = 0.0003). Although there was an improvement in overall survival, it was not statistically significant. The addition of oxaliplatin did result in higher rates of grade 3 and/or 4 toxicity in the categories of neutropenia, peripheral neurotoxicity, and diarrhea. Thus, the combination of FU bolus/infusion and oxaliplatin (also termed FOLFOX) was added to the arsenal of therapies for advanced disease. The initial trials of FOLFOX utilized an oxaliplatin dose of 85 mg/m 2 . Modification of the oxaliplatin dosing and the amount of FU administered as a bolus would be subsequently undertaken in a variety of trials. Table 1 outlines the dosing and schedule of the various modifications of the FOLFOX regimen.
Irinotecan versus oxaliplatin
With the respective addition of 2 chemotherapeutic agents to the well-accepted FU/leucovorin backbone resulting in never before seen efficacy in metastatic colorectal cancer came the question of whether one combination was superior to the other. In the phase 3 intergroup study, N9741, Goldberg et al 6 compared the efficacy of 3 different regimens: irinotecan in combination with bolus FU/leucovorin, known as IFL; irinotecan and oxaliplatin given on day 1 every 3 weeks, known as IROX; and FOLFOX4. The median time to progression of 8.7 months, response rate of 45%, and median survival of 19.5 months all favored the FOLFOX arm over both other arms. The patients who received FOLFOX also had lower rates of severe nausea and vomiting, diarrhea, and febrile neutropenia, although patients who received either of the oxaliplatin containing regimens suffered more sensory neuropathy and neutropenia. Thus, the superiority of oxaliplatin with FU was established over bolus FU with irinotecan. Interestingly, 60% of patients who initially received FOLFOX then went on to receive irinotecan containing therapy whereas only 24% of those patients who initially received IFL subsequently received oxaliplatin as second-line therapy. This inequity was due to drug supply and the lack of widespread availability of oxaliplatin in the United States. Subsequently, the question arose of whether the improved survival noted for the FOLFOX arm could be attributed to the utilization of irinotecan upon progression. The results implied that exposure to all 3 drugs (FU, oxaliplatin, and irinotecan) could result in median survivals in the range of 19-20 months. However, the question of which regimen to use and in what sequence to administer remained. Tournigand et al 27 addressed this issue in a trial in which half the patients with chemotherapynaive metastatic colorectal cancer were randomized to receive FOLFOX6 and the other half received FOLFIRI. Approximately 110 patients were randomized to each arm, and median survival in the patients who received FOLFOX first followed by FOLFIRI was 20.6 months compared with 21.5 months in the patients who received FOLFIRI first followed by FOLFOX (P = 0.99). This lack of difference in survival existed despite a higher response rate in second-line FOLFOX at 15% compared with 4% in the patients who received FOLFIRI. Median PFS in first-line therapy was not statistically different between the 2 arms. There was a higher incidence of alopecia, mucositis, and nausea/ vomiting in the patients who were treated with firstline FOLFIRI, with increased rates of neutropenia and neurosensory toxicity in those who initially received FOLFOX. The findings of this critical trial and the results from an analysis by Grothey et al 28 of 7 randomized phase 3 trials in advanced colorectal cancer established that regardless of the sequence of treatment, patient survival was improved by exposure to all 3 active drugs.
Intermittent versus continuous therapy
The addition of oxaliplatin to FU/leucovorin certainly changed the standard of care in patients with advanced colorectal cancer; however, its cumulative neurotoxicity often required treatment interruption despite continued benefit. This prompted the inquiry into whether patients could undergo a more tolerable intermittent therapy without sacrificing efficacy. In the OPTIMOX1 trial, more than 600 patients were randomized to receive either FOLFOX4 every 2 weeks continuously until progression or FOLFOX7 for 6 cycles, followed by FU/leucovorin alone for 12 cycles with subsequent reintroduction of FOLFOX7. 29 Although there was no difference in PFS or overall survival between the 2 treatment approaches, only 40.1% of patients went on to undergo reintroduction of oxaliplatin. Neurotoxicity rates did not differ significantly between the 2 arms. Although it appeared that oxaliplatin could be safely stopped after 6 cycles, it is unclear if a more consistent reintroduction of oxaliplatin could have elicited improved benefit. The OPTIMOX2 study took this strategy further with a complete cessation of therapy in a randomized phase 2 trial comparing FOLFOX7 for 6 cycles followed by either a chemotherapy-free interval followed by reintroduction of FOLFOX7 at the time of tumor progression or 12 cycles of FU/leucovorin before FOLFOX7 reintroduction, the latter identical to the OPTIMOX1 strategy. 30 Approximately 200 patients were enrolled in the trial, and results demonstrated that there was a trend toward an inferior overall survival in the patients who were given a chemotherapy-free interval, although this did not meet statistical significance (26 vs. 19 months, P = 0.05). The median duration of the chemotherapy-free interval was 4.6 months in patients who underwent treatment interruption and did not undergo resection of any metastasis. The response rate after reintroduction of oxaliplatin did not differ between the 2 groups. The OPTIMOX2 trial investigators have taken a similar approach in the ongoing DREAM trial in which biologic therapy alone is continued after initially administering with chemotherapy.
BIOLOGIC THERAPIES
As the understanding of molecular pathways driving colon carcinogenesis has evolved, the development of targeted therapies has provided further gains in recent advances in chemotherapy approaches in this disease.
Although the activity of these agents used alone has not translated into substantial responses, their use in combination with chemotherapy has resulted in improvement in response and survival rates. Three targeted agents have been approved by the FDA for the treatment of metastatic colorectal cancer including bevacizumab, cetuximab, and panitumumab. The results of several of the key trials that have led to current chemotherapeutic and biologic treatments of patients with metastatic disease are included in Table 2 .
INDIVIDUALIZED THERAPY
Although the advent of biologic therapies and newer chemotherapy combinations as well as the efficacy of selected surgical resection in patients with metastatic disease has yielded significant gains, metastatic colorectal cancer remains a largely incurable disease. Furthermore, these novel treatments have come with a price due to monetary costs and treatment-related adverse outcomes. Out of this has arisen the growing tide of individualized therapies aimed at providing the optimum treatment based on pharmacogenomic and tumor-specific analyses. The following is a brief discussion of some of the advances made in this arena.
IRINOTECAN METABOLISM
The active metabolite of irinotecan, SN-38, undergoes glucuronidation to an inactive form by the enzyme uridine diphosphate glucuronosyltransferase (UG-T1A1). 31 Expression of the enzyme in the liver is not uniform among patients, and the amount of UGT1A1 produced depends on the number of T-A repeats in the promoter region of its gene. The wild-type form of the enzyme has 6 T-A repeats, whereas the presence of 7 repeats results in diminished UGT1A1 levels, the latter causing increased levels of SN-38 after irinotecan exposure. Patients who are homozygous for the TA 7 allele (also known as Gilbert syndrome, a common cause of mild indirect hyperbilirubinemia) have been shown to be more susceptible to the toxic effects of 64 Cetuximab vs. BSC 6.1 vs. 4.6 (0.001) Van Cutsem et al 65 Panitumumab vs. BSC Equivalent with 76% crossover rate from BSC SN-38, namely neutropenia and diarrhea, as evidenced in multiple studies. [32] [33] [34] These findings led to the FDA approving a change in drug labeling in 2005 to reflect the need for a reduced dose of irinotecan in those patients who are homozygous for the UGT1A1-28* allele, although guidelines for the amount of dose reduction are sparse. Because the activity of irinotecan is dose dependent, the question of whether patients who are homozygous for the TA6 allele require higher doses of irinotecan for improved activity was addressed. 35 Patients enrolled in the Dutch CAIRO study were randomized to either arm A (capecitabine alone in first line, then irinotecan alone in second line, then capecitabine with oxaliplatin in third-line treatment) or arm B (capecitabine with irinotecan in first-line followed by capecitabine and oxaliplatin). Blood samples from these patients were also obtained to analyze for the UGT1A1 genotype. Although patients with the homozygous TA 7 genotype were more susceptible to febrile neutropenia in combination and single-agent irinotecan treatment groups (18.2% vs. TA 6 /TA 6 ; 1.5% and TA 6 /TA 7 ; 6.5%, P = 0.031 in the combination group), the dose intensity and number of cycles received did not differ. There was no statistically significant difference in response rates among the various genotypes. Similarly, diarrhea rates did not differ for patients in the various groups. The results of the Dutch Colorectal Cancer Group Study demonstrated tolerability for full doses of irinotecan among those patients with homozygous TA 7 genotype, somewhat contradictory to other studies. However, this was the largest series to date and included more than 250 patients from the CAIRO study from whom DNA was obtained. Thus, in those patients who have a deficiency in expression of UGT1A1, clinicians must at the very least be vigilant in the surveillance of toxic effects when utilizing irinotecan. Similarly, for the majority of patients who have the TA 6 /TA 6 genotype, it does not appear from this study that any additional benefit is derived from an increased dose of the agent.
FLUOROPYRIMIDINE METABOLISM
The enzyme dihydropyrimidine dehydrogenase (DPD) is responsible for pyrimidine metabolism, and its deficiency has been implicated in severe toxicity after exposure to FU. 36, 37 Based on pharmacokinetic variability due to differing DPD levels, some patients experience benefit and tolerate the drug without issue, whereas others experience no response at all or suffer from severe toxic effects. 36, 37 Deficiency in DPD activity has been shown to have a genetic predisposition, and approximately 0.1% of the population has a complete deficiency, with partial deficiency detected in 3%-5%. 38 The pharmacokinetic variability among individuals results in a variability in toxicity and efficacy as evidenced by the finding that responses can be improved with maintenance of higher FU area under the curve (AUC) levels. 37, 39 In prospective trials, Gamelin et al 36, 37 demonstrated that an AUC 0-8 of 20-25 mgÁh/L was the level at which FU activity was optimized and toxicity minimized. In these studies, FU was utilized as a continuous infusion for 8 hours every week. Based on the encouraging results of these preliminary studies, a multicenter, randomized phase 3 trial investigating a pharmacokinetically guided dosing of FU with high-dose leucovorin was undertaken in patients with advanced colorectal cancer. 40 Patients were randomized to either FU dosing based on body surface area at 1500 mgÁm 22 Áwk 21 administered as an 8-hour infusion (arm A) or FU at an initial dose of 1500 mgÁm 22 Áwk 21 over 8 hours, which was subsequently adjusted based on pharmacokinetic measurements from cycle 2 onward targeting an AUC of 20-25 mgÁh/L (arm B). Leucovorin dosing remained at 200 mgÁm 22 Áwk 21 in arms A and B. More than 200 patients were randomized and an intention to treat analysis demonstrated an overall response rate favoring arm B (18.3% vs. 33.7%, P = 0.004). Although overall survival also favored the pharmacokinetically dosed arm, this did not reach statistical significance (16 vs. 22 months, P = 0.08). Toxicity was greater in arm A than in arm B (P = 0.003). The survival advantage in arm B is meaningful particularly in light of the 22-month survival with administration of FU as a single agent; however, these results are difficult to interpret in the context of modern, multiagent regimens. The pharmacokinetic-based dose adjustments were performed on samples at hours 3 and 7 of the continuous infusion in this study. Whether this burden of pharmacokinetic dose adjustment can be widely applicable in the clinical setting remains to be determined.
PREDICTING EFFICACY OF EPIDERMAL GROWTH FACTOR RECEPTOR TARGETING AGENTS
Epidermal growth factor receptor
Although the addition of monoclonal antibodies to the treatment approach in patients with advanced colorectal cancer has resulted in important survival gains, these advances have come with a significant economic impact. For example, the cost of treating patients with advanced colorectal cancer with irinotecan and cetuximab amounts to approximately 30,000 dollars for an 8-week course. 41 This staggering expense combined with the fact that a proportion of patients do not derive benefit from cetuximab (or panitumumab) treatment has strengthened the resolve to better predict those patients whose disease will respond to these agents. Based on the mechanism of action of cetuximab and panitumumab, tumor expression of the epidermal growth factor receptor (EGFR) by immunohistochemistry (IHC) has been a requirement of research participation in most trials. Additionally, the FDA approval of cetuximab in 2004 and panitumumab in 2006 was only for the treatment of patients with advanced colorectal cancer whose tumors express EGFR. However, evidence suggests no difference in benefit for those patients whose tumors express low levels of EGFR compared with those who have high levels of the receptor. 42, 43 Even patients with negative IHC staining for EGFR seem to demonstrate a response to the agent. 44 The evidence for a benefit in those patients with weak or absent IHC staining for EGFR was in part attributed to difficulties with IHC testing such as its inherent variability in results. Subsequently, investigations into a correlation between cetuximab or panitumumab response and an increase in gene copy number by fluorescent in situ hybridization were undertaken. In one of the first studies published, Moroni et al 45 tested 31 samples of patients treated with cetuximab or panitumumab for genetic changes in EGFR by fluorescent in situ hybridization. Of the 9 patients who responded to the anti-EGFR therapy, 8 had an increase in the EGFR copy number, whereas only 1 of 21 nonresponders demonstrated such genetic changes. In contrast, subsequent studies have not found such a strong correlation between increased copy number and response to cetuximab or panitumumab. [46] [47] [48] Thus, the conclusions drawn from these investigations suggest that a high EGFR gene copy number does not necessarily predict success with EGFR targeted therapy, and, perhaps more importantly, a low copy number likely portends a lack of benefit. Although the adoption of these results into routine practice would appear to save patients from ineffective treatment, the inability to reliably define EGFR patterns and a variability in results have proven to be major hurdles in the routine applicability of the practice. 49 
RELATIONSHIP BETWEEN KRAS STATUS AND RESPONSE TO EGFR TARGETED THERAPY
Stimulation of the EGFR at the cell surface has several downstream effects, including activation of the signal transducer, KRAS. 50, 51 In approximately 30%-50% of colorectal cancers, KRAS can be constitutively activated such that inhibition of EGFR signaling will have no effect on KRAS activity, resulting in continued cancer cell growth. [50] [51] [52] [53] [54] [55] One of the pivotal studies demonstrating a lack of response to EGFR inhibition in colorectal cancer patients with a mutated KRAS was performed in a retrospective analysis of the phase 3 randomized study comparing panitumumab with best supportive care (BSC). 56 57 Multiple retrospective studies have demonstrated similar results with a lack of response in KRAS mutant tumors. The most recent studies presented at the American Society of Clinical Oncology Annual Meeting in 2008 are outlined in Table 3 . Although no prospective trial has been performed corroborating these retrospective findings, the consistency of results in the multiple analyses carried out to date will likely change practice patterns. Unlike European authorities, no federal regulatory action has yet been taken to require KRAS testing before cetuximab or panitumumab therapy in the United States.
CONCLUSIONS
The landscape of therapy in metastatic colorectal cancer has changed remarkably in the last decade. The routine utilization of combination chemotherapy with biological therapies has afforded patients unprecedented overall survival rates. However, these advances have come with a price, in terms of both cost and toxicity. The continued evolution of personalized therapy will hopefully maximize therapeutic gains while minimizing any undue burden. Oncologists have been forced to accept the risks associated with administering a treatment that may provide no gains to the patient in an effort to avoid denial of treatment to those who may benefit. The recent result suggesting a lack of response to EGFR modulating therapy in patients with a mutated KRAS gene is the first of hopefully many more advances to come in the arena of individualized treatment. The ever-increasing challenge of developing comprehensive therapy, too often cost-prohibitive and without universal efficacy, has encouraged the research community to expedite the search for biomarkers truly predictive of therapeutic response. 
